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Sodium Chloride Aggravates Arthritis via Th17 Polarization

Seung Min Jung", Youngkyun Kim**, Juryun Kim?, Hyerin Jung?, Hyoju Yi?, Yeri Alice Rim?,
Narae Park®, Seung-Ki Kwok® Sung-Hwan Park? and Ji Hyeon Ju®

'Division of Rheumatology, Department of Internal Medicine, Yonsei University College of Medicine, Seoul;
*Division of Rheumatology, Department of Internal Medicine, Seoul St. Mary’s Hospital, College of Medicine, The Catholic University of Korea,
Seoul, Korea.

Purpose: Sodium chloride (NaCl) has been proposed as a driving factor in autoimmune diseases through the induction of patho-
genic CD4* T helper cells that produce interleukin-17 (Th17 cells). This study investigated the effects of NaCl on inflammatory ar-
thritis in mice and humans.

Materials and Methods: Collagen-induced arthritis (CIA) mice were fed a normal or high-salt diet ad libitum, and clinical and
histologic features of arthritis were evaluated. The proportion of Th17 cells in the spleens of CIA mice fed a normal or high-salt
diet was evaluated by flow cytometry, and the expression of IL-17 in joints and intestines was determined by immunohistochem-
ical staining. We also analyzed the effect of NaCl on Th17 differentiation from peripheral blood monocytes of patients with rheu-
matoid arthritis (RA) and osteoarthritis (OA) and evaluated the contents of sodium and IL-17 in the synovial fluid of RA and OA
patients.

Results: NaCl increased murine and human Th17 cell differentiation in a dose-dependent manner. Clinical and histological ar-
thritis was more severe in the high-salt-fed CIA mice, compared to control CIA mice. The proportion of Th17 cells among spleno-
cytes was higher in CIA mice fed a high-salt diet. Expression of synovial and intestinal IL-17 was also higher in high-salt-fed CIA
mice. Comparison of synovial fluid between RA patients and OA patients revealed that Na* and IL-17 were more abundant in RA
synovial fluid.

Conclusion: This study suggests that NaCl can aggravate arthritis by affecting Th17 differentiation. Accordingly, limiting salt in-
take may be helpful for treating inflammatory arthritis, such as RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disease
characterized by inflammatory polyarthritis that leads joint
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destruction and deformity. Although the pathogenesis of RA
has not yet been elucidated, it is well known that interleukin
(IL)-17-producing CD4* T helper (Th17) cells play an impor-
tant role in the development and progression of RA."* IL-17
aggravates synovial inflammation and bone destruction by
promoting the production of pro-inflammatory cytokines,
such as IL-6, IL-1pB, tumour necrosis factor-o. (TNF-a), and
matrix metalloproteinases. Moreover, increased expression of
receptor activator of nuclear factor-kB ligand (RANKL) by IL-
17 activates osteoclasts and subsequently causes bone loss.
Because Th17 cells play a major role in the pathogenesis of in-
flammatory arthritis, efforts have been made to identify po-
tential contributors that promote Th17 differentiation.

RA is caused by interactions among environmental factors
and genetic predisposition. Because genetic susceptibility is
difficult to control, efforts to identify environmental factors that
promote or inhibit the development of RA are ongoing. Epide-
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miological studies have suggested associations between RA
and environmental triggers, such as smoking and gingivitis,
although the pathologic mechanisms are still unclear. Clinical
trials have also been conducted on diets to examine whether
dietary intake attenuates the proinflammatory response of
RA.*$ However, there is a limited amount of data on the modi-
fiable risk factors for RA."

Two recent studies reported that pathogenic Th17 cells can
be inducted by sodium chloride (NaCl), suggesting that salt
may be a risk factor for autoimmune diseases.*® Increased
NaCl concentration enhances differentiation into Th17 cells
via the p38/mitogen-activated protein kinase signaling path-
way, which involves nuclear factor of activated T cells 5
(NFAT5) and serum- and glucocorticoid-inducible kinase 1
(SGK1). NFAT5 and SGK1 were originally identified as regula-
tors that respond to cell volume and osmotic pressure. How-
ever, the activation of NFAT5 and SGK1 is also affected by in-
flammatory cytokines. SGK1 is expressed ubiquitously and is
induced by IL-6, which is an important pro-inflammatory cy-
tokine.”” SGK1 increases the expression of IL-23 receptor, and
this increase in IL-23 receptor contributes to the stable action
of IL-23 on Th17 phenotype.’ NFATS5 is highly expressed in RA
synovium, and is induced by TNF-o and IL-B.""** In the patho-
genesis of RA, NFATS5 is associated with cell survival, migra-
tion and angiogenesis.'

Based on recent studies of the proinflammatory role of salt
in autoimmune diseases, we investigated the effect of a high-
salt diet on inflammatory arthritis in mice with collagen-in-
duced arthritis (CIA). Clinical and histological arthritis was
evaluated in CIA mice fed a high-salt diet or normal diet, and
the distribution of IL-17-producing cells in the tissues was ex-
amined in both groups. In addition, we assessed the effect of
NaCl on Th17 differentiation in patients with RA and osteoar-
thritis (OA).

MATERIALS AND METHODS

Induction of collagen-induced arthritis and feeding of
the high-salt diet

DBA/1] mice at seven weeks of age (purchased from Orient-
Bio, Seongnam, Republic of Korea) were injected intradermal-
ly on the back with 100 pg of CII in complete Freund’s adjuvant
(Chondrex, Redmond, WA, USA). A second immunization
with 100 pg of CII in incomplete Freund’s adjuvant (Chondrex)
was performed 3 weeks after the first immunization. To evalu-
ate the effect of NaCl on inflammatory arthritis, CIA mice were
fed a normal or a high-salt diet ad libitum (n=10 in each group).
CIA mice in the high-salt group received tap water that con-
tained 1% NaCl before the first immunization and chow that
contained 4% NaCl at the first immunization. Clinical arthritis
score was evaluated by two independent examiners twice a
week until sacrifice on day 56. Each paw was scored on a grad-
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ed scale from 0 to 4 as described previously.” A representative
arthritis score was calculated by summing the scores for the
four paws. All the experimental procedures were reviewed and
approved by the Animal Research Ethics Committee at the
Catholic University of Korea (2014-0088-03).

Synovial fluid and serum from patients with RA and OA
Patients who satisfied the relevant classification criteria for
RA™" or OA'® were recruited from the outpatient clinic in the
Department of Rheumatology, Seoul St. Mary’s Hospital, Seoul,
Korea. An informed consent was obtained from all patients.
Synovial fluid was obtained from arthrocentesis of swollen knee
joints, which was performed for therapeutic purposes (n=17
for RA, and n=16 for OA). The Na* concentration and leuko-
cyte counts in the synovial fluid were measured using routine
laboratory tests. Synovial IL-17 concentration was determined
using a sandwich enzyme-linked immunosorbent assay (R&D
Systems, Minneapolis, MN, USA) according to the manufac-
turer’s instructions. Peripheral blood mononuclear cells
(PBMCs) isolated from the heparinized blood of RA patients
(n=3) and OA patients (n=2) were differentiated into Th17
cells under high NaCl conditions. The study was approved by
the Institutional Review Board of Seoul St. Mary’s Hospital
(KC13TISI0240).

Murine Th17 differentiation

CD4' T cells were isolated from spleens of control mice or CIA
mice by positive selection using a magnetic sorter with micro-
beads (Miltenyi Biotec Inc., Bergisch Gladbach, Germany).
Murine CT4" T cells were cultured in RPMI-1640 (10% fetal
bovine serum; Gibco, Carlsbad, CA, USA) and were stimulat-
ed with 2 pg/mL of plate-bound anti-CD3 (BD Biosciences,
San Jose, CA, USA) for 3 days. Th17 cells were cultured with 5
pg/mL of anti-CD28 (BD Biosciences), 10 pug/mL of anti-IL-4,
10 pg/mL of anti-interferon y (IFNy), 50 ng/mL of IL-6, and 1
ng/mL of transforming growth factor p (TGF-) (all from R&D
Systems). NaCl was added at concentrations of 10, 20, 40, 60,
or 80 mM. Because the concentration of NaCl in RPMI-1640
media is 104.4 mM, the final NaCl concentrations were 114.4,
124.4,144.4, 164.4, or 184.4 mM during Th17 differentiation.

Human Th17 differentiation

PBMCs were collected by centrifugation of human blood at
2000 rpm at 20°C for 30 min with Ficoll-Paque PLUS (GE
Healthcare, Little Chalfont, UK). Naive CD4* T cells were iso-
lated from PBMCs using a Naive CD4" T Cell Isolation Kit II
(Miltenyi Biotec Inc.). CD4* T cells were cultured in 96-well
plates coated with 10 pg/mL anti-human CD3 (BD Bioscienc-
es). To induce Th17 differentiation, naive CD4* T cells were
cultured with 1 pg/mL anti-CD28 (BD Biosciences), 25 ng/mL
IL-23, 5 ng/mL TGF-, 12.5 ng/mL IL-1p, and 25 ng/mL IL-6
(all cytokines from R&D Systems) for 5 days.
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Flow cytometry

Murine splenocytes were incubated with allophycocyanin
(APC)-conjugated anti-CD4 antibodies (BD Biosciences) and
then permeabilized using a Foxp3 Staining Buffer Set (eBio-
science, San Diego, CA, USA). To identify Th17 cells, murine
CD4" T cells were stained with anti-RORyt antibodies conju-
gated with phycoerythrin or anti-IL-17 antibodies conjugated
with fluorescein isothiocyanate (both from eBioscience). For
detection of IL-17, cells were incubated with 5 ng/mL of phor-
bol-12-myristate-13-acetate (PMA), 500 ng/mL ionomycin,
and 1 pL/mL of GolgiPlug (BD Biosciences) for 4 h prior to
staining with anti-IL-17 antibodies.

Human Th17 cells were identified based on co-expression
of RORyt, and IL-17. PBMCs were incubated with 50 ng/mL of
PMA, 250 ng/mL of ionomycin, and 1 pL/mL of GolgiPlug for
4 h. After incubation with anti-CD4 eFluor 450 (eBioscience),
cells were permeabilized using a Foxp3 Transcription Factor
Staining Buffer Set (eBioscience). RORyt and IL-17 expression
was detected by staining with anti-RORyt antibodies conju-
gated with phycoerythrin and anti-IL-17A antibodies conju-
gated with APC (both from eBioscience). After staining with
antibodies, the cells were assessed on an LSRFortessa cell an-
alyzer (BD Biosciences). The acquired data were analyzed us-
ing FlowJo 7.6.5 software (TreeStar Inc., Ashland, OR, USA).

Histological assessment of synovial tissues

The joint tissues from the hind paws were fixed in 4% parafor-
maldehyde and decalcified in 10% EDTA bone decalcifier pri-
or to embedding in paraffin. Sections at a 5-um thickness were
stained with Hematoxylin and Eosin, Safranin O Fast Green,
and Toluidine Blue. The severity of synovial inflammation and
joint destruction was measured by three individual research-
ers in a blinded manner, as described previously.'” Arthritis
scores for inflammation and destruction were determined by
the severity of cellular infiltration and hyperplasia and by pan-
nus formation and cartilage erosion, respectively.

Immunofluorescence staining

The tarsal joint, small intestine, and large intestine of the mice
were fixed, transferred into 30% sucrose, and then incubated
overnight at 4°C. Endogenous peroxidase activity was blocked
with 3% H.O, prepared in phosphate buffered saline (PBS).
Nonspecific binding sites were blocked with 10% normal goat
serum (Vector Lab, Burlingame, CA, USA) containing 1% PBA
(phosphate buffered saline containing 1% bovine serum albu-
min). The tissue samples were incubated with rabbit poly-
clonal anti-IL-17 antibodies (Abcam, Cambridge, UK) diluted
in 5% normal goat serum containing 1% PBA (1:500) over-
night at 4°C. The sections were then incubated with Alexa Flu-
or 594 goat anti-rabbit IgG (H+L) antibodies (Thermo Fisher
Scientific, Waltham, MA, USA) diluted in PBS (1:200) at room
temperature for 40 min. Nucleus staining was performed us-
ing 4,6-diamidino-2-phenylindole (DAPI, Roche, Basel, Swit-
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zerland). To evaluate the abundance of IL-17* cells in the tis-
sue samples, IL-17" cells were manually counted by two
independent investigators under a microscope at low power
(x100 or x200 magnification).

Statistical analysis

Experimental data are presented as means and standard er-
rors. Statistical significance was determined using the Mann-
Whitney U test. All p values <0.05 were considered significant.
All data were analyzed using SAS software (v. 9.1; SAS Insti-
tute, Cary, NC, USA) and GraphPad Prism software (v. 5.01;
GraphPad, San Diego, CA, USA).

RESULTS

NaClincreases murine Th17 differentiation

To induce Th17 differentiation, CD4" T cells isolated from mu-
rine splenocytes were stimulated with anti-CD3 and anti-
CD28 antibodies, IL-6, and TGF- and were inhibited with
anti-IL-4 and anti-IFNy antibodies for 3 days (Fig. 1A). Murine
CD4" T cells were cultured under Th17-polarizing condition
in the presence of various NaCl concentrations. NaCl up to
concentration of 40 mM dose-dependently increased the pro-
portion of CD4'RORyt" cells (Fig. 1B). However, we observed
cellular apoptosis and an abrupt decrease in the number of
CD4'RORyt* cells at a concentration of 80 mM NaClL

High-salt diet aggravates inflammatory arthritis

in mice

The high-salt diet was composed of 4% NaCl-containing chow
and 1% NaCl-containing water. NaCl-enriched meals were ad-
ministered to CIA mice since first immunization with CII, and
the NaCl challenge was continued for the entire experimental
period until day 58 (Fig. 2A). A high-salt diet exacerbates the
clinical and histological features of inflammatory arthritis in
CIA mice. Arthritis scores were consistently higher in the CIA
mice fed a high-salt diet than in the CIA mice fed a normal diet
(Fig. 2B). Joint swelling of hind paws was more severe in high-
salt-fed CIA mice than in control CIA mice (Fig. 2C). Histologi-
cal assessment revealed massive infiltration of inflammatory
cells, cartilage destruction, and bone erosion in high-salt-fed
CIA mice. Evaluation of articular cartilage by Safranin-O and
Toluidine Blue staining showed more prominent thinning and
erosion of cartilage in high-salt-fed CIA mice (Fig. 2D). The
histological score to quantify synovial inflammation and joint
destruction was significantly higher in high-salt-fed CIA mice,
compared with control CIA mice (Fig. 2E).

NaCl-rich environment primes Th17 polarization

in mice

Splenocytes were extracted from both high-salt-fed CIA and
control CIA mice. Ex vivo analysis of splenocytes showed a
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Fig. 1. NaCl induces Th17 differentiation in vitro. (A) A schematic diagram
for evaluating the effect of salt on Th17 differentiation. Naive CD4* T cells
isolated from the spleens of DBA/1J mice were cultured under Th17-po-
larizing conditions in the absence or presence of NaCl at different con-
centrations (10, 20, 40, and 80 mM) for 3 days. (B) Representative flow cy-
tometry plots of differentiated Th17 cells at different NaCl concentrations.
The displayed numbers are the percentage of CD4'RORyt"-labeled cells.
Fold increases were calculated as the percentage of CD4'RORyt" Th17
cells relative to the percentage in the NaCl-deficient condition. Data are
representative of three independent experiments and are expressed as
mean+SEM.
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higher proportion of Th17 cells expressing CD4 and RORyt in
high-salt-fed CIA mice, compared with control CIA mice (fold
change 1.15 vs. 1.0, p<0.05) (Fig. 3A). To evaluate the priming
effect of a high-salt diet on Th17 differentiation, CD4" T cells
isolated from CIA mice in each group were cultured under
Th17-polarizing condition. CD4" T cells from high-salt-fed
CIA mice were more likely to express IL-17A than those from
control CIA mice (fold change 1.8 vs. 1.0, p<0.05) (Fig. 3B).

High-salt diet increases IL-17-producing cells in
synovial and intestinal tissue in CIA mice

Because high NaCl concentrations enhanced Th17 differenti-
ation in vitro, we performed an in vivo investigation to exam-
ine the effects of a high-salt diet on Th17 cells. Immunofluo-
rescent staining with IL-17A showed abundant Th17 cells in
the tarsal joints of CIA mice. IL-17-producing cells were iden-
tified more frequently in CIA mice fed a high-salt diet than
control CIA mice (Fig. 4A). We examined the presence of IL-
17+ cells in the intestinal mucosa and submucosa by immu-
nohistochemical and immunofluorescence staining because
we were also interested in whether dietary NaCl would direct-
ly affect the immune cells in the intestinal tissue. IL-17* cells
were absent in the intestine of wild-type mice, whereas CIA
mice fed a normal or high-salt diet both expressed IL-17,
mainly in the small intestine (Fig. 4B). IL-17-producing cells
were more abundant in the intestinal submucosa of high-salt-
fed CIA mice, compared with control CIA mice. Although IL-
17* cell infiltration into the large intestine of CIA mice was not
prominent, cellular aggregates stained with anti-IL-17 anti-
bodies were found in the colonic submucosa of high-salt-fed
CIA mice (Fig. 4C). Manual cell counting of IL-17* cells in the
synovium and gastrointestinal tract showed a significantly
higher amount of IL-17" cells in high-salt-fed CIA mice than in
control CIA mice (Fig. 4D).

NaCl-rich environment in synovial fluid from RA
patients is associated with Th17 polarization

Consistent with the results from animal experiments, human
T cells isolated from patients with RA or OA showed enhanced
Th17 differentiation at high NaCl concentrations (Fig. 5A).
NaCl increased the expression of RORyt and IL-17, and had
the greatest effect at a concentration of 40 mM. At a concen-
tration of 60 mM NaCl, T cells exhibited apoptosis, and the
expression level of RORyt and IL-17 was reduced. To confirm
the effect of NaCl on Th17 differentiation of human T cells, we
recruited additional patients with RA (n=3) and OA (n=2) and
collected CD4" T cells from the peripheral blood of those pa-
tients. CD4" T cells of individual patients were cultured under
Th17 polarizing condition in the absence or the presence of
40 mM NaCl. Flow cytometry showed that the expression of
RORyt and IL-17 consistently increased after NaCl treatment
(Fig. 5B). The CD4" T cell response in high NaCl concentra-
tions showed similar patterns in RA and OA patients: 1.5- to
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Fig. 2. High-salt diet aggravates inflammatory arthritis in CIA mice. (A) Time schedule for salt ingestion in CIA mice. Salt-containing water and chow were
started 1 week before and at the time of Cll immunization, respectively. (B) Mean arthritis scores in wild-type mice (WT), CIA mice (CIA), and CIA mice fed
a high-salt diet (CIA+NaCl). Arthritis of each paw was scored from 0 (no swelling) to 4 (erythema and severe swelling encompassing the ankle and foot).
The arthritis score is the sum of the scores for the four paws. Data represent the mean arthritis score-=SEM. *p<0.05. (C) Representative photographs of
hind paws in control mice and CIA mice fed a high-salt diet. The hind paws of WT, CIA, and CIA+NaCl showed a different degree of swelling at day 58 af-
ter primary Cll immunization. (D) Histological analysis of tarsal joints in control mice and CIA mice fed a high-salt diet. The tissue sections obtained at 58
days were stained with hematoxylin and eosin (H&E), Safranin O, and toluidine blue. The magnifications are indicated in the right bottom corner. (E) The
mean histological score of the tarsal joints in each group. Inflammation and joint destruction were scored on a scale of 0-3 by three independent examin-

ers. The data represent the mean histological score=SEM. p<0.001.

5.0-fold increases in Th17 differentiation.

Because RA is characterized by inflammatory synovitis, white
blood cell counts in synovial fluid from RA patients was mark-
edly higher than in that from OA patients (median value of
16000 cells/mm?® vs. 95.5 cells/mm?, p<0.0001) (Fig. 5C). The
concentration of IL-17 was also significantly higher in RA syno-
vial fluid than in OA synovial fluid (p=0.008). Interestingly, the
Na' concentration was much higher in RA synovial fluid than in
OA synovial fluid (median value of 135 mEq/L vs. 68 mEq/L,
p<0.0001).

DISCUSSION

The present study showed that NaCl aggravates inflammatory
arthritis in CIA mice through Th17 cell induction. Mice fed a
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high-salt diet showed a higher proportion of Th17 cells in the
spleen and joints, compared to control CIA mice, and CD4* T
cells from high-salt-fed CIA mice were likely to differentiate
into Th17 cells. High-salt diet also increased the proportion of
IL-17-producing cells in the synovium and intestine of CIA
mice. The synovial fluid of RA patients contained larger
amounts of sodium and IL-17, suggesting an association be-
tween NaCl and Th17 cells.

Consistent with a recent report,® we found an in vitro effect
of NaCl on Th17 differentiation in a dose-dependent manner.
The most potent NaCl concentration for Th17 development
was 40 mM in the culture media. Interestingly, several previ-
ous studies also showed that the NaCl concentration of 40
mM had the greatest effect in modulating immune cells and
that the experimental cell lines lost their viability at concen-
trations above 40 mM of NaCl.*'*** Although the tolerable

https://doi.org/10.3349/ym;.2019.60.1.88
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Fig. 3. NaCl-rich condition primes Th17 polarization in mice with CIA. (A) Flow cytometry analysis of naive CD4" T cells in spleens isolated from control CIA
mice (CIA) and high-salt-fed CIA mice (CIA+NaCl). Representative plots of Th17 population among naive CD4" T cells in both groups are presented, and
fold increases were calculated as the percentage of CD4'RORYt" Th17 cells relative to the percentage in control CIA mice. (B) Flow cytometry analysis of
naive CD4" T cells isolated from CIA and CIA+NaCl mice cultured under Th17-polarizing conditions. Splenocytes were isolated from CIA mice fed a nor-
mal or a high-salt diet to evaluate the priming effect of NaCl on Th17 differentiation. Purified naive CD4" T cells were cultured under Th17 differentiating
condition for 3 days. Representative plots of differentiated CD4'IL-17A"Th17 cells from naive CD4" T cells isolated from both groups were presented, and
fold increases were calculated as the percentage of CD4°IL-17A" Th17 cells relative to the percentage in the control CIA group. Data are representative

of three independent experiments and are expressed as mean+SEM. *p<0.05.

concentration of NaCl in the culture condition is not clear, the
threshold might be less than 60 mM of NaCl. There is one
study showing the effect of high-salt diet on sodium concen-
tration in vivo. Machnik, et al."® reported that the skin Na* con-
tents in rats fed a high-salt diet and a low-salt diet were about
200 mM and 150 mM, respectively. There was no significant
difference in serum Na+ level between two groups. This find-
ing suggests that NaCl accumulates in the interstitium without
a change in serum Na* concentration. After high-salt intake,
the regulatory mechanisms maintained the interstitial sodium
concentration within 50 mM-difference to keep the physio-
logical state of the body.

We also investigated the distribution of IL-17-producing cells
in the gastrointestinal tract based on the assumption that the
NaCl-rich dietary content would induce Th17 differentiation of
the mucosal immune system. Similar to the in vitro experi-
ments, the high-salt diet promoted intestinal IL-17 production
in CIA mice. IL-17 is primarily secreted from Th17 cells, al-
though there are a few cell populations that express IL-17 in the

https://doi.org/10.3349/ym;.2019.60.1.88

intestine.”® Therefore, the presence of IL-17 in the intestinal
tract of CIA mice fed a high-salt diet may indicate that the salt
component promotes Th17 differentiation in the intestines.
The gut is the largest organ in the immune system and is re-
sponsible for the maintenance of homeostasis between host
immunity and diverse antigenic stimuli, including food and
commensal microorganisms. Previous research has shown that
the gut microbiota is associated with Th17 differentiation in the
intestinal tissues.* In this study, we did not examine changes
in intestinal microflora after salt ingestion. It is unclear whether
high NaCl concentration in the intestinal lumen directly induc-
es Th17 polarization or whether salt-containing foods alter the
intestinal flora and then influence T cell differentiation. Al-
though the precise mechanism for intestinal Th17 differentia-
tion after salt intake is difficult to define, the induction of intes-
tinal Th17 cells by NaCl could be responsible for exacerbation
of the autoimmune arthritis. There is evidence that suggests a
significant association between intestinal Th17 cells and extra-
intestinal autoimmunity. Germ-free animals with fewer intesti-
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Fig. 4. Salt intake increases IL-17 expression in the synovium and gut of CIA mice. (A-C) Expression of IL-17A in the joint synovium, small intestine, and
large intestine in WT mice and CIA mice fed a normal diet (CIA) or a high-salt diet (CIA+NaCl). Inmunohistochemical staining with anti-IL-17A antibodies
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bars indicate 100 ym. (D) Quantification of IL-17" cells in the joint and small intestine and IL-17" spots in the large intestine observed in a low power field
(LPF) (<100 or %200 as presented in the graphs). The number of IL-17* cells or spots was determined by three independent examiners. The data are ex-
pressed as mean+SEM. *p<0.05.
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Fig. 5. Synovial fluid from RA patients contained higher levels of sodium and IL-17 compared with those from OA patients. (A) Changes in Th17 differentia-
tion from human CD4" T cells after treatment with various doses of NaCl. Naive CD4" T cells from peripheral blood were cultured under Th17-polarizing
conditions with or without NaCl at different concentrations (10, 20, 40, and 60 mM) for 3 days. RORYt*IL-17A" Th17 cells were detected by flow cytometry.
Fold differences at the different concentrations were expressed relative to the NaCl-deficient condition. (B) The effect of NaCl on Th17 differentiation in
human cells obtained from RA and OA patients. Representative flow cytometry plots for Th17 differentiation at NaCl 0 mM and 40 mM are shown in pa-
tients with RA (n=3) and OA (n=2). Fold increases in differentiated Th17 cells were expressed relative to the NaCl-deficient condition. The graph repre-
sents the data from individual patients. Data represent the mean of three independent experiments+SEM. *p<0.05. (C) Characteristics of synovial fluid
obtained from RA patients and OA patients. Leukocyte count and sodium concentration in synovial fluid were measured by routine laboratory methods.
IL-17 level in the synovial fluid was determined by ELISA. Horizontal bars for analysis of synovial fluid indicate the median of all values in a group. 'p<0.01,
p<0.001. RA, rheumatoid arthritis; OA, osteoarthritis; WBC, white blood cell.

nal Th17 cells are resistant to the development of autoimmune mean Na' concentration in RA synovial fluid was 135 mEq/L,
arthritis and experimental autoimmune encephalomyelitis. ** similar to the in vitro NaCl concentration when 40 mM NaCl
Interestingly, the synovial Na* concentration was signifi- was added to the culture media (104.4 mM). The highest Na*

cantly higher in patients with RA than in those with OA. The concentration in RA synovial fluid was 157 mEq/L. In consid-
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eration of the in vitro result that T cells exhibited apoptosis at
concentrations above 60 mM NaCl (>164.4 mM in the culture
media), the synovial Na* concentration above 160 mEq/L may
be a difficult condition for lymphocyte proliferation and in-
flammatory activation. To the best of our knowledge, this is
the first report showing the Na* concentration in RA synovial
fluid. Further investigation would be required to elucidate the
association between synovial Na* concentration and inflam-
matory responses.

In this study, the inflammatory response of CD4" T cells to
high NaCl concentrations was not significantly different be-
tween RA patients and OA patients. However, hypernatremic
synovial fluid from RA patients can provide a milieu favoring
Th17 polarization. In addition to Th17 differentiation, hyper-
tonicity is essential for lymphocyte proliferation and matura-
tion. Physiologically, lymphoid tissue is hyperosmolar com-
pared with serum.* Hypertonic saline promotes T cell
proliferation® by activating the signaling pathway in T cells*
and reversing prostaglandin E-mediated T cell suppression.”
Thus, hypernatremic hypertonicity in RA synovial fluid may
increase Th17 differentiation and lymphocyte proliferation,
leading to exacerbation of the inflammatory environment.

Similar to previous studies, we found that a NaCl-rich envi-
ronment enhances the expression of RORyt, which is a critical
transcription factor for Th17 differentiation.! Induction of
RORyt in high-salt condition was consistently represented by
in vitro and in vivo experiments. High-salt diet exacerbated
the severity of experimental autoimmune encephalomyelitis
and experimental colitis, and expression of RORyt was more
prominent in mice fed a high-salt diet, compared to control
mice.** Microarray analysis also showed the increased ex-
pression of RORC in T cells under high-salt conditions.?**
Considering the loss of sodium-induced increase of Th17 sig-
natures, including RORyt, in SGK1-deficient T cells,*** SGK1
can be a link between salt and RORyt. However, it is difficult
to conclude that the worsening of inflammatory arthritis by
sodium intake is entirely due to Th17 polarization. Earlier
studies have suggested a significant association between im-
munity and hypertonicity. Autoimmunity can be regulated by
inhibition of angiotensin-converting enzyme,* which is acti-
vated by hypertonicity due to salt ingestion.” This inhibitory
effect is mediated by inducing regulatory T cells and by mod-
ulating Th1 and Th17 responses.* Hypertonic saline also
stimulates innate immunity in vivo by up-regulating the ex-
pression of Toll-like receptor signaling.*** In addition, salt in-
take is associated with an increase in inflammatory cytokines.
In animal models of gastric carcinogenesis, a high-salt diet in-
creases the production of pro-inflammatory cytokines, in-
cluding IL-1, IL-6, and TNF-0.***" In healthy adolescents, aver-
age sodium intake correlates with serum levels of TNF-q,
independently of adipose tissues.” Therefore, in addition to
Th17 differentiation, various inflammatory responses may
contribute to exacerbation of arthritis.
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In clinical studies, an association between high-salt diet
and autoimmune disease remains unclear. A recent study
suggests that a high salt diet may be associated with increased
disease activity in patients with multiple sclerosis.* In Chi-
nese patients with systemic lupus erythematosus, excessive
salt intake was associated with treatment failure despite in-
tensive glucocorticoid treatment.*” Additional epidemiologic
studies and intervention studies that limit salt intake are re-
quired to clarify the causal relationship between salt intake
and autoimmune diseases.

In conclusion, NaCl can aggravate arthritis by stimulating
Th17 differentiation. To our knowledge, this is the first report
to demonstrate a proarthritic effect of salt in an animal model.
A low-salt dietary approach to alleviate the symptoms and
signs of inflammatory arthritis has not yet been studied. Al-
though diet plays an auxiliary role in primary treatment based
on immunosuppressants, dietary modifications can be ap-
plied as a treatment approach for RA because there are no
side effects and costs are minimal.
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